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Summary d distance
E energy

In this document the non-intrusive temperature FPA focal plane array
h Planck's constant

measurement techniques like pyrometry and IR- photo cunsent
I photo current

thermography and their application at high tem- 1R infrared
k Boltzmann's constant

peratures are described. For a better understanding L radiant intensity
first some basic relations of thermal radiation are LBK arc heated facility of DLR

discussed followed by the absorption behaviour of Lk spectral radiance
NEP noise equivalent power

the atmosphere and optical glasses. Main properties R reflectance

of different IR detector types follows this chapter. r radius
SiC silicon carbide

Chapters five and six are devoted to the description T temperature

of pyrometers and IR-cameras including a compari- TPS thermal protection system
W radiance

son of different detectors, data reduction and im- a absorption coefficieni
aging techniques. Based on the experience from E emissivity

application of IR devices at the arc heated facility D radiant flux
X. wavelength

LBK, some requirements on an IR-system for its transta
T transmittance

use at high enthalpy facilities are defined. Results V frequency
S~solid angle

of comparative and complementary measurements

of the surface temperature of several thermal pro- Subscripts

tection materials using pyrometers and IR-cameras b black body
cal calibration

are presented in chapter nine. D detector

F filter
1. List of symbols G geometric

M media
A surface area m measured
CCD charge coupled device 0 optics
C-SiC carbon fibre reinforced silicon carbi- p primary

de S stop
c speed of light in vacuum s secondary
C1 ,c2 radiation constants t total

D detectivity

Paper presented at the RTO AVT Course on "Measurement Techniques for High Enthalpy and Plasma Flows",
held in Rhode-Saint-Gen~se, Belgium, 25-29 October 1999, and published in RTO EN-8.



9B-2

2. Introduction 3. Basic relations of thermal radiation

The measurement of the surface temperature of test Each object at a temperature of higher than abso-

models in high enthalpy and hypersonic flows has lute zero emits light in the visible and infrared

been a big challenge for engineers. Because of che- wavelength ranges. The glowing of materials

mical reactions between the solid and gas phases at heated to temperatures above 500'C is the optical

high temperatures, mechanical temperature sensors manifestation of this radiation. The change in col-

like thermocouples, thermo-resistance sensors, etc. our of the emitted light with increasing temperature

find only a limited application in such environ- shows the dependence of thermal radiation on

ments. In these cases and some other applications, wavelength.

where mechanical sensors can disturb the flow

field as a result of interaction with the supersonic Some main parameters of the thermal radiation are

flow, non-intrusive temperature measurement tech- defined below [1]:

niques provide more reliable data. These techni- The radiant flux D is the radiance dW emitted dur-

ques find a broad application in rotating systems as ing a time duration dt into a hemisphere:

well.

S= dW / dt [W /m2]. (1)
IR-thermography and pyrometry are two well de-

veloped non-intrusive techniques for the measure- Consider a radiation source element A, and a de-

ment of the surface temperature. Because of their tector element A2 in a hemispherical optical space

relatively simpler hardware, and lower costs mostly (Fig. 1).

pyrometers are used for the measurement of local

surface temperatures up to 3000'C. A simultaneous 4

surface temperature distribution, which is some-

times essential for the interpretation of physical A, • / -"

phenomena, can only be measured with more com-
/A 2plex IR-cameras. Parallel to the developments in Al

electronics and materials for optical components Al'

significant progress has been made recently with
Alrespect to the temperature resolution, quick re-

sponse and good accuracy of JR-devices. Figure 1. Beam geometry in a hemispherical
space

In this document, basic relations of thermal radiati-

on, the properties of IR components and different Let Q be the solid angle subtended by A2 at A1.

applications of pyrometers and IR-cameras will be We then have:

discussed.

)= A2 / r2 [M2/m2 / -Steradiant]. (2)
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Using the above mentioned parameters (D and 0) There are no reliable theoretical relations to de-

the radiant intensity can be derived as: scribe the dependence on all these parameters. A

sophisticated and very complex set-up is necessary

d 2CF [w / m2 .sr]. (3) to investigate this problem experimentally. OnlyL-dA• • dQ.cos®(
for special conditions, like for a black body, can the

Since only a limited spectral range of radiation is dependence between different radiation parameters

be expressed analytically. A black body absorbs theused in IR-thermography, it is necessary to intro-

incident light totally. This means the absorptionduce the spectral radiance (intensity) Lx :
coefficient ac is independent of temperature, wave-

dL = d3 (4 length and light incident angles and has the value
= d? dA1 dc. M X. dcos (4) a = 1, i.e. R =,c = 0. A cavity surrounded with a

cylindrical or spherical body with nontransmittive

In order to keep the surface energy of an arbitrary walls in thermal equilibrium is a common black

body exposed to radiation constant, the sum of the body. Kirchhoff experimentally found that the ratio

reflected, absorbed and transmitted parts of light of the absorption coefficient ac and emission coeffi-

must equal the incident radiant intensity. The ab- cient E of an arbitrary surface has a constant value

sorption coefficient a, reflectance R and transmis- I (Kirchhoffs law):

sion factor - of a body are defined as:

a/e=1. (10)
c = L o 1o•LX,•o (5)

According to the Kirchhoffs law the spectral radi-

R = Lfl-M /LXo (6) ance of an arbitrary surface L. is a product of its

emissivity c and the radiant intensity of a black

=L. /LLI1 . (7) body L4b :

The condition of constant energy leads to the fol- L; = e. L,. (11)

lowing relation

The emissivity of a surface also depends on the
a+R+t=l. (8) temperature and the wavelength (the influence of

In general, these three parameters are functions of angles 9 and 0 is weak and neglected here):

the temperature T, the wavelength X, the azimuth _ E (X, T). (12)

angle 9 and the zenith angle E of the radiation:

Based on quantum mechanics Planck analytically
R=RV(T,9,,). (9) derived the following equation to describe the spec-

"T= (),, T, (p, 0) tral radiance of a black body (Planck's law):
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Lfb(X,,T)= c' 1 (13) This equation shows good agreement with the
07cV' ec2y'r)- Planck's law within an accuracy of 0.1% and can

therefore be applied at low temperatures.where

The temperature of a real surface can be deter-
mined using the definition of a "black temperature"

c2 =ch/k=1.4388.10' [mK] Tb(X). Tb(k) is the temperature of a black body,

which at the wavelength X has the same radiance as

and the real surface

c = 2.997925.10' [m/s] the speed of light in L,(XT)=Lk.,(X,,Tb(,)) (17)
vacuum

where T is the "true temperature" of the real sur-
h = 6.6256.10-3 4 [J s] the Planck's con- face. Planck's law leads to

stant

k = 1.38054.10-23 [J/K] the Boltzmann's + 1% I 1 (18)
constant T TI c2  c2  1 - Cc. /0" ( 18)W)

are universal constants. Using the black temperature, which can be deter-

mined from the spectral intensity directly, the tern-
Thus, the thermal emission of a real body can be perature of the real body with the same radiance

described by the following equation: can be calculated using eq. (18).

c=?1 (14) In practical applications, however, the influence of
the measurement environment on the components

For temperatures up to about 2700 K: of the IR-device have to be taken into account for a

reliable temperature measurement.

XT << c2, i.e., ec/:(X•T) >> 1. (15)
4. Optical components of pyrometers and IR-

cameras
Thus, the Planck's equation can be approximated by

the Wien's equation: IR-devices use mainly quantum or thermal detec-

tors and provide photo currents as output signals,

c(, T) .(k, T)c C2X (XT) which are correlated to the intensity of the emittedig (.Apnia• stu is-sh e-wninFig 2 (16)07EV light. A principal set-up is shown in Fig. 2.
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torget field stop lens filter detector amplifier Figure 3 shows the transmission spectrum of the

aperure top \/air atmosphere for the given distance under well-

radiation \defined weather conditions [2]. Since the thermal

radiation at temperatures up to 30000C mainly oc-

curs in the near and middle infrared spectral range,
objective the transmittance rM of atmospheric air in this re-

Figure 2. Main components of an IR-device gion is important for IR-measurements. Water va-

pour in air has strong absorption bands in the

4.1 Aperture and field stops infrared spectrum. The main absorption bands due

Any element, be it the rim of a lens or a separate to water vapour lie at about 2.6 jim and between

diaphragm, which determines the amount of light 5.5 gim and 7.5 gtm. This fact has to be considered

passing it, is called an aperture stop. At the same in the frame of the characterization of spectral pro-

time it prevents the light emitted from foreign ob- perties of a IR-devices. Compared to water vapour,

jects from entering the pyrometer. However highly the absorption of infrared radiation due to carbon

oblique rays can still enter a system of this sort. dioxide (CO2) is weaker. Other species in atmos-

Further improvement can be reached using a field pheric air have negligible influence on the trans-

stop, which determines the field of view of the in- mission of the air for infrared radiation.

strument. Atmospheric transmission
Distance, 2.00 km. Precipitation, 25.20 mm.
Temp. 20 deg C. Rcl. humidity, 70%. Visibility, 15 kin.

The spectral response of an IR-device is deter- 1.00

mined by the spectral behaviour of all its optical 0.75

and opto-electronic components, i.e. the spectral 05

transmittance of the medium, optical lenses, optical

filters and the spectral response of the radiation 0.5

detector. 0.3 1 2 3 4 5 6 7 8 9 10 11 32 13 14

4.2 Absorption of thermal radiation by the at- Figure 3. Spectral transmittance of air atmos-

mosphere phere [21

The atmosphere between the radiation source and
4.3 Optical glasses and filters

the detector can partly absorb the emitted light and

cause perturbations in temperature measurement. Beside its optical properties the physical character-

The transmission of optical radiation by the atmos- istics of an optical system are to be taken into ac-

phere depends mainly on two phenomena: self- count for its specification. The manufacturing and

absorption by the gas species and deflection due to optical polishing of glasses is only possible above a

scattering of the light by particles in the gas atmos- certain hardness. Another important factor is the

phere. matching of optical glasses and their support sys-
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tems in terms of their thermal expansion behaviour, absorb the light at wavelengths beyond a certain

Additionally their resistance to physical abrasion wavelength. High pass filters are transparent only

and chemical corrosion must be high. at wavelengths beyond a certain limit. Band-pass

filters can be considered as a combination of both
Most optical glasses are not transparent beyond these filters and transmit only in a defined wave-

about 3 gim because of strong absorption by OH- length interval. High selectivity can be achieved by

ions. Fused quartz or fused silica glasses transmit means of interference filters. These filters consist

satisfactorily up to 5 gm. Absorption above this of a transparent material with a multilayer surface

limit is caused due to the vibration of the Si-O coating. To achieve strong interference between in-

band. During the fabrication of glasses particular cident and reflected waves, high reflectivity at the

care is necessary to avoid any water diffusion into interface is required. Multilayer surface coating of

the glass, since, as previously shown, water vapour alternate films with high and low refraction indices

has strong absorption lines in this spectral range. (mostly metal - dielectric-metal films) provide high

Some special glasses, due to their material proper- and selective reflectance.

ties or fabrication processes can transmit in a much

broader spectrum (Fig. 4). 4.4 Detectors

100-------- wF . . -A radiation detector transforms electromagnetic ra-

Z'Se 3'• diation into an electrical -signal. There are two basic
SCdTe2-m BK7 1 6m-A s types of detector: thermal detectors and quantum

m .,detectors.

I .5 2 3 4 a a 10

Wavelength [jin) 4.4.1 Thermal detectors

Figure 4. Transmittance of different optical Thermal detectors change their energy level, i.e.

glasses temperature, due to absorption of the incident ra-

diation flux. These do not respond to photons but to

The transmittance of glasses with highly reflective radiant flux. The output signal of the detector is

surfaces can be improved by the deposition of an proportional to the temperature change and is inde-

anti-reflective thin film. Using multilayer anti-re- pendent of the wavelength.

flective coatings the reflectance can be reduced

(i.e. the transmittance can be increased over a Bolometers are thermal detectors in which the inci-

wider spectral range). dent radiation produces a change in the tempera-

ture, i.e. in resistance of the sensitive surface (Fig.

Depending on the spectral properties of the detec- 5) [3]. Due to the constant voltage across the bo-

tor, different types of filters can be used, in order to lometer surface this resistance change leads to a

provide well-defined spectral intervals of the radia- current change. Compared to quantum detectors the

tive beam reaching the detector. Low pass filters response time of bolometers is remarkably longer
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(several milliseconds). Metals or semiconductors trodes. Some pneumatic detectors use optical inter-

are used as bolometer materials. The fact that bo- ference method instead of condenser technique.

lometers can be used without detector cooling

makes them very interesting for several applica- 4.4.2 Quantum detectors

tions. Quantum detectors measure the direct excitation of

IR Energy electrons to conduction states by incident photons

3 3 • ! and are also called photo-electric detectors. There

BST 1/4 1 Optical are different types of photo-electric detectors.
Pixel/ Coating

Eectrode I I xnon or Photo emissive detectors consist of a metal photo
LJI: XVacuum

Indium I • \. interconnect cathode at a negative voltage and an anode at a

organic positive voltage level. Both electrodes are inte-
Individual Pixel

Amplifier/Filter IC grated in an evacuated glass tube. If the energy of

incident photons is higher than the electron band
Figure 5. Bolometer detector [3] energy, they leave the cathode and accelerate to the

anode in the vacuum and create a current. The
Thermopiles consisting of several thermocouples, spectral sensitivity of these detectors depends on

which are connected in series, are also used in IR- the optical properties of the photo cathode. Some

devices. As it is known, heating of one junction of photo emissive detectors, so-called photo multipli-

a thermocouple compared to other one produces a ers, consist of a set of electrodes (dynodes), each of

voltage across the thermoelement. The multijunc- them held at a different potential. Each electron

tion of thermopiles allows to achieve sufficient colliding with a dynode produces new electrons,

signal even at low heating rates. Thermopiles do which accelerates to the next dynode like a chain

not need energy input and therefore find applica- reaction and a large number of electrons reach the

tion in IR-systems of satellites, anode. Photo emissive detectors are sensitive in the

ultraviolet, the visible and the near infrared spectra.
Pneumatic thermal detectors use the effect of pres-

sure change in a gas chamber due to radiation The second group of quantum detectors is based on

heating. Two chambers are separated by a mem- the change of the conductivity of the detector by

brane and have a capillary connection for pressure absorbing photons. In some materials, like semi-

equilibrium. The radiance absorption through a conductors, electrons excited by the photons do not

sensitive element in the first chamber causes a leave the material but jump to another energy level.

pressure increase, i.e. deformation of the mem- At absolute zero temperature, electrons occupy the

brane. It changes electrostatic capacitance of a con- lowest energy levels in a band called the valence

denser, which use the membrane as one of the elec- band (Fig. 6). When the electrons absorb sufficient

energy they can jump to the highly energetic con-
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ductive band after passing the forbidden Fermi response than photo conductive detectors. The pho-

level. This process is coupled with current creation to voltaic effect is widely used in photo diodes,

between those two regions of the material. The photo transistors and infrared detectors such as

difference between the conduction band energy and InAs, InSb and TeCdMg. These types of detectors

valence band energy is called the activation energy. have a lower noise level than photo conductors.

If the activation energy of the material is smaller The diffusion of electrons and holes prevents re-

than the energy hv of the incident photon, combination.

sufficient electrons can cross the forbidden band
4.4.3 Detector cooling

and the material becomes conductive. These types

of materials are called intrinsic semiconductors The main advantage of thermal detectors is their

(PbS, InSb, HgCdTe, etc.). The conductivity of a operation without active cooling. Depending on the

semiconductor can be increased by doping some application this aspect could be essential. In con-

foreign particles with different valence levels. The trary quantum detectors has to be cooled to achieve

application of photo conductive detectors is re- a good signal to noise ratio. Each detector has a

stricted by the recombination noise due to the elec- permanent noise level resulting from the thermal

tron-hole pairs by absorption of radiation. vibrations and the particle nature of light and elec-

tricity. The signal power equal to the noise power

of the detector is called the noise equivalent power

AE tAE (NEP). It strongly depends on the temperature. The

detectivity of a detector D is inversely proportional

to the NEP. Figure 7 shows the detectivity of some
cooled

IR-rodiotion detectors at different temperature levels. By re-

ducing the temperature from 295 K to 193 K or
Figure 6. Photoconductive detector. 77 K, the noise level can be decreased, i.e. the de-

In the case of photovoltaic detectors, the photon tectivity can be improved.

absorption changes the potential distribution in the

junction area of an inhomogeneous semiconductor.

The local change of the electrical field E due to the

junction distorts the conduction and valence bands , -

between the n and p regions. The absorption of

photons, with sufficient energy, release some elec-

trons and holes which then diffuse across the junc-

tion under the influence of the field E and create a

current. Photo-electric detectors behave as energy Figure 7. Spectral detectivity of different de-
tectors 141

generators and can produce signals even in the ab-

sence of bias. Photo voltaic detectors have a faster
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Depending on the required temperature level, dif- into account. The radiation intensity decreases ac-

ferent types of systems can be used for detector cording to the transmittance of surrounding media

cooling: Liquefied gas, Joule-Thomson expansion, 1tM, lenses c, filter "F or stop TG before reaching

cryogenic machines and thermoelectric techniques. the detector.

Liquid nitrogen keeps the temperature constant at

77 K and is widely used in IR-thermography. The target field stop lens filter detector amplifier

Joule-Thomson effect is used for cooling to tem- apertuop

source

peratures below about 150 K [2]. The thermoelec-

tric technique is applied in a temperature range be- objecti "

tween 160 K and 320 K. The Peltier thermoelectric throsa \dutr
effect is the result of the absorption or release of thermostat ,dj.oting

heat at the junction of two different metals with an Figure 8. Set-up of a spectral pyrometer

electrical current flowing across it. In practical ap- reflecting
surface optics filter

mal conductivity of metals and Joule heating of

conductors, which are proportional to the resistance

of the metals have to be taken into account.

radiation foreign light environmental
source source media stop detector5. Pyrometer technique C...T) L......) T.) ONTO•:(kT) L E ;•,Tz) ,u ( ,Tu oO(t.,T 0 )

R(NT)
LC,(iT)

Because of their relatively easier imaging and sig- Figure 9. Beam path of a spectral pyrometer

nal processing compared to IR-cameras pyrometers

find a broad application in the measurement of If we neglect multiple reflections, the temperature

local temperatures on objects. Spectral pyrometers dependence of the reflectance and transmittance of

and total radiation pyrometers have nearly the same the components, the total radiance can then be ex-

set-up, except for different characteristics of the pressed by:

filter and detector. A typical pyrometer set-up is

shown in Fig. 8. The spectral transmittance of the L•, = cM () () (t)" TG

filter and the spectral detector response have to "FLX•(2T)'(1+Rk(X)) + Rk1(X (19)

match in the chosen wavelength interval. Lx, (X,'TE)" (1+ R(,,T)+

In general, the radiance emitted by the radiation or it can be written in another form:

source can arrive at the detector directly or along

other paths due to reflection from foreign objects LX, = TM WTO 0)" 'C(I)" W G (20)

(Rk) (Fig. 9). In addition the radiance of some [Lx, (), T) + Lx (X, TE

other light sources or daylight L., has to be taken where
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L, (X,T) = L, (X,T). (1 + Rk (X)) Since spectral pyrometers use a narrow wavelength

interval, one can write using Planck's equation:
L x ,(X , TE) = L x , (X , TE). (I+ R ( ?,,T )± R k ( k)). I , - L , - eC ( I T)( 4

I D2  LD2 eC2 ( I,2. ) _T]

The spectral radiance of the radiation source

L, (%,T) and foreign light sources LE(%,,TE) are de- where X,, 2 is the "mean effective wavelength" of

fined by the eq. (14) and (16). the system relating to temperatures T1 and T. of a

The effective radiance at the detector surface is: black body. The temperature T2 can be expressed

as follows:
)'2

LD =

S T) (21) c2 / X1.2 (25)
Sln[L ') (e'ý'IXI " _")-1+1

The detector itself is characterized by its spectral

detectivity D(X,TD). Since its temperature is usu- The data ID, and T, are determined by measuring

ally kept at a constant level, the temperature de- the photo current of the detector ID,= IIc at a

pendence can be neglected. black body of known temperature of T, = Tca as a

The signal of the detector ID is: reference point. Using eq. (25) for any measured

current level the corresponding surface temperature

?L2 T = T can be calculated, if X,,2 is known.
ID = ¶"M()'O(;)¶F(E)

. (22)

[Lx (X,T)+ Lx,(X,TE)]D(X).d• The "mean effective wavelength" X1,2 can be de-

termined by means of any pair of two temperatures

In practical applications, it is very difficult to de- [4]. Since X,2 varies slightly with temperature

scribe all parameters as a function of wavelength (x ,2(T)) some iterative measurements and calcula-
analytically. tions are required.

The most efficient way to overcome this problem is For a real radiation source the temperature of the
to use the linear range of a detector, where the out- surface can be calculated using the modified form

put signal current is proportional to the incident of the eq. (25):
light intensity. After accounting for the optical

system of the pyrometer, the current and radiance c2/X1.2

ratios can be equated as follows: T= I I ( T ) 1 (26)

I D,- L D I (23)

1D2 LD2
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where s and t, are the emission coefficient of the
6.1 Scanning and imaging

surface and the correction of the transmittance of

the media between the source and detector, respec- The thermal radiance of each point of the target has

tively. In practical application the calibration of to reach the surface of the IR-detector. The scan-

pyrometers as well as IR-cameras is performed ning and imaging are performed using two different

using a more straightforward procedure, which will basic techniques: Image scanning technique and

be explained later. focal plane array (FPA) technique.

The emissivity of a surface depends on its tem- 6.1.1 Image scanning IR-cameras

perature and wavelength, as well as on its rough- Image scanning IR-cameras have a single detector.

ness and state of oxidation. This fact makes it diffi-
Using opto-mechanical scanners the radiance inten-

cult to specify the emission coefficient of a surface sity of each object surface point is detected succes-

accurately. One method of resolving this problem is sively (Fig. 10). To achieve a high image frequency

the two colour pyrometry. The basic idea is that, if (50-60 Hz) the scanning has to be fast. Since the
the emissivity is not wavelength dependent, then accuracy of the temperature measurement and the
taking a ratio of radiation intensities at two differ- image quality are very essential, the detector prop-
ent wavelengths should eliminate the emissivity. erties have to meet the requirements of high scan-

Therefore the two colour technique is also called ning speed. Therefore mainly quantum detectors
the intensity ratio method. A detailed description of with a response time of several microseconds are
two colour pyrometry is given in different docu- used in image scanning IR-cameras. But high fre-
ments [1,6]. quency imaging reduces the radiance intensity on

6. IR-thermography the detector. Especially at low signal intensity the

noise level of detectors has an strong influence on
As it is mentioned before pyrometers are used only

the measurement accuracy. Quantum detectors
for the measurement of the local temperature of have a permanent noise level, which depends on
object surfaces. In order to measure the tempera- the detector temperature. A negative influence of

ture distribution of the whole surface, IR-cameras the detector noise on the accuracy of the measure-
with more complicated set-up are necessary. For ment can only be avoided by detector cooling.
both pyrometers and IR-cameras the same basic

relations and calibration techniques are applied for

the determination of the surface temperature from

the measured thermal radiance. Therefore all basic

equations (eqs. (1) - (26)) are also valid for IR-

cameras.
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radiation source

(rnodel) separately or in multiplex form. The corresponding

temperature to each radiance intensity of each pixel
----- - -. oblektioe is deduced using calibration curves, which are cre-

position sensor

SC- oe~ricol scannring mirror ated experimentally (Fig. 11).

detector rizontal scanning miror

amplifier A/0deo-

- - - - - ---- synchrorrsotion

Figure 10. Image scanning of an _R-camera -'

Usually spinning mirrors or refracting prisms are

used for scanning. The inertia of these components, Figure 11. Signal processing of an IR-camera

light aberration and the geometrical continuity of

the image are key parameters of the scanner com- The analogue output signal of the IR-camera is

ponents. The line scanning technique, which has a comparable with the television signal and can be

fast horizontal pixel by pixel scanning, finds appli- monitored easily. The signal can be divided into

cation in most of the scanning cameras. An IR- steps corresponding to different temperature levels,

frame is created by slower line scanning in vertical which are marked on the screen.

direction, which is usually performed at lower

speed. For further analysis of the large data field the dig-

itisation of the data is necessary. Fast analogue/

The detector provides an electrical signal corre- digital converters with a resolution between 8 Bits

sponding to the infrared image. If the IR-camera and 14 Bits are used for this process. The digitised

use the linear range of the detector, this analogue data with a well described structure allows a

video signal in the form of voltage or current is flexible analysis and correction of the data with

proportional to the radiance of the object within the respect to emissivity, transmittance, etc. easily.

spectral range of the IR-equipment. To yield the

radiance intensity distribution at each pixel, syn- 6.1.2 Focal Plane Array (FPA) IR-cameras

chronisation of the scanning with the radiation Each moving component of devices has a limited
beam is necessary. Therefore the deflection of the life duration and is sensitive to misalignment. To
scanner mirrors or prisms is measured by position overcome such problems focal plane array (FPA)
sensors. These sensors deliver signals, which mark detectors have been developed recently. Compara-
the begin of lines of the frame. The synchronisation ble to CCD-chips of video cameras FPA detectors

signals can be transmitted to the signal processor
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consist of several thousands of small detector ele- this camera is optimised for a spectral range of

ments (for example 320 pixel per each of the 240 7.5-13 jtm.

lines). The thermal radiance distribution of the ob-

ject is detected simultaneously. Each detector ele- 7. Calibration of pyrometers and IR-cameras

ment has to be compensated individually to gain a Since the radiance of a black body is independent

high image quality. Most of the FPA IR-cameras from the surface roughness, the angle of incidence,

use quantum detectors, which require active cool- etc. ( =), black body sources are one of the com-

ing, in order to keep the noise level low. Stirling mon calibration devices. One method for realisa-

cycle cooling consisting of two moving pistons and tion of a black body is to develop a perfect absor-

a regenerator is usually used in recent develop- ber by means of some special treatments and sur-

ments. face painting. But this method is limited in the ac-

Last year AGEMA (now Flir Systems) developed a curacy and temperature range. A second and widely

new type of FPA-camera. The detector consists of used method is to use a cavity with a very small

76800 microbolometers made of Si-elements coat- hole compared to the surface area of the cavity.

ed with a VO., thermal resistance layer. As we have Due to the multiple reflection of radiation beams

inside the cavity, thermal equilibrium is reached af-seen before bolometers are thermal detectors and

ter a certain time depending on the cavity wall tem-are operated without cooling. But besides the ther-
perature. Mostly electrical heating technique is

mal radiance of the target, the radiation of compo-

used to set different temperature levels in the cavi-nents inside the camera may be detected by the
ty. Tungsten ribbon lamps consisting of an electri-

uncooled detector arrays, which can influence the

cally heated tungsten strip in a glass tube, are alsomeasurement accuracy. Therefore the inside case
used for the calibration of pyrometers and IR-cam-

temperature is measured at several locations and is
eras for the wavelength range up to 2 jim.

used in the automatic re-calibration of the camera

at defined time intervals. In addition to avoid any As it can be seen in eq. (22) the output signal of the

convective heat transfer to the detector elements, detector of an IR-device is a complex function of

they are placed in a vacuum chamber and their tem- the spectral properties of the detector and other op-

perature is kept close to the ambient temperature tical components. Since an analytical description of

using Peltier elements. Even when the response this function is very difficult, the relation between

time of bolometers is remarkably longer than quan- the output signal and thermal radiance is deter-

tum detectors, an image frequency of 60 Hz is mined by calibration data. The output current of the

achievable with this system. The absence of mov- detector can be approximated by the equation:

ing parts makes the operation of the Thermovision

570 S IR-camera of AGEMA more comfortable and aI b (27)

safely. Although bolometers are not selective with e -

respect to the spectral range, using optical filters
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The black body calibration source is heated to dif- peratures gas and solid particles with very different

ferent temperature levels and corresponding output spectral properties can be formed around the test

signals (current or voltage) are registered. From the model. Especially the deposition of solid particles

so obtained couples (Ti, I, ) the validation parame- on the optical windows may change their transmit-

ters a and b are calculated using the method of least tance in some spectral ranges remarkably. These

squares approximation. In order to correct the in- phenomena influence also the surface emittance of

fluence of the thermal drift, which may be caused the model. In the transition phase of an oxidation

due to the heating of electrical circuits and me- process on the model surface the emissivity may

chanical components of the camera or change in the change significantly and lead to problems in the

ambient temperature, these temperatures have to be measurement accuracy of the surface temperature

recorded during the calibration, by a pyrometer and an IR-camera.

The operation of arc jet and induction heated facili-8. Requirements on an Ir-system at high en-

thalpy facilities ties is coupled to high voltage, high current and

The choice of an IR-camera or pyrometer for the strong electromagnetic fields. Besides its possible
influence on the measurement device, such envi-

application at high enthalpy facilities has different
ronments require special care concerning the safety

priorities depending on the test duration of the fa-
of the facility operation team. Therefore a flexible

cility. The response time of the IR-system is essen-
remote control of the IR-systems in long duration

tial for shock tunnels or impulse facilities. Because
high enthalpy facilities is very important.

of the short test duration of several milliseconds

only quantum detectors can be used for the IR-ap- Based on the facts mentioned above the specifica-

plication at these facilities. Even the IR-cameras tion of an IR-camera or a pyrometer for high tem-

with quantum detectors are limited with the imag- perature measurements could be performed ac-

ing frequency of 50-60 Hz. Therefore the use of IR- cording to following aspects:

cameras at short duration facilities is only possible

by the modification of the system for each special * Detector properties

case. Because of their faster response time some The differentiation of the Planck's relation (eq.

pyrometers are more convenient for this applica- (13)) leads to the so-called Wien's law:

tion.

2898
At arc jet and induction heated facilities with long X" . T [rim]. (28)

test duration of several minutes other aspects be-

come more important. Since these facilities are This relation states that the maximum of the spec-

mainly used for the qualification of thermal protec- tral radiance moves to shorter wavelengths as the

tion system (TPS) components, surface tempera- temperature increases (Fig. 12).

tures up to 3000 'C are achieved. At such high tem-
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wlcfn ronment. The spatial resolution is the smallest dis-

,o'- /tance between two detectable neighbour object ele-

2 /ments. It is usually defined by the elementary solid

IV A• ./ ...". ...angle of the system, which results from the combi-

I Al I lliAl •nation of different factors like transfer functions of

, -0-2•• the optics, electronics and visualization system.rT1LI Y/1/1 I '•I'••
ll I/ -A sr -Both thermal and spatial resolution of an IR-system

L I [should be as small as possible.

/ Transmittance of optical components

a a2 d364 06a81 2 3 4 56 870 20 3040 60jim,00 The spectral property of optical lenses and filters
combined with the detector behaviour define the

Figure 12. Black body spectrum at different
temperatures [71 complete spectral range of an IR-camera or a py-

rometer. As defined in the chapter 4.3 most of the
According to Wien's law the maximum spectral

radiance at a surface temperature of 290 K is optical glasses with OH-ions have a very low trans-
mittance beyond 3 p±m. Because of its several ab-

around 10 ltm. At high surface temperatures around

2800 K a detector with a spectral range around sorption lines around in the spectral range of 1-8

1 gim would provide the maximum output signal. gnm any water diffusion into the optical glasses has
to be avoided. In the spectral range between 7.5-14

At that point two main properties of the detector

are important. The first one is the sensitivity (S), m special glasses with anti-reflective films have
to be used.

which is defined by the relation between the output

signal and incident radiance flux. The minimum de-

tectable radiance energy, which is equivalent to the Transmittance of the atmosphere

noise level of the detector, is called the noise equi- As it is described in the chapter 4.2 the atmosphere

valent power (NEP). The detector detectivity (D) is inside and outside the test chamber have to be con-

the reverse value of NEP (D = 1/NEP). Both sensi- sidered by the specification of the spectral range of

tivity and detectivity of the sensor should have a the camera.

high value in the chosen spectral range. Material

properties, coating and the cooling of the detector Radiance of foreign surfaces

define S and D. In the case of any other facility component with a

significant thermal radiance in the chosen spectral
* Thermal and spatial resolution of the IR- range, the measurement accuracy can be influenced

system
by this foreign radiance source. A proper choice of

The thermal resolution is the minimum detectable the spectral range, objective angle and placement

difference between the temperatures of different

object elements or between the object and its envi-
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of the camera could allow to overcome this pro- (W) x 300 mm (L) x 50 mm (H) can be tested in

blem. this facility. In the stagnation point configuration

cold wall heat flux rates up to 4 MW/ m2 at pres-
* Emissivity of the model surfaces sures up to 400 hPa can be set on models with a

The spectral emittance of different materials can diameter of 150 mm. A detailed description of the

vary significantly. Therefore it is very difficult to facility can be found in several documents [8,9].

cover the spectral behaviour of all materials with

one IR-system. Since the long duration high en- 9.1 Measurement configuration of IR-systems
at LBK

thalpy facilities are mainly used for the qualifica-

tion of TPS-materials the spectral emissivity of Based on the fact that mainly high surface tem-

these materials in the high temperature region peratures from 500'C up to 2600'C are achieved in

could be used in the specification of the spectral LBK and specification criteria for an IR-system

range of the IR-system. defined in the chapter 8, IR-devices with a spectral

range in the near IR-region are more convenient for
* Safety aspects this facility. The temperature measurement using

As mentioned before the high voltage-current level an unique pyrometer or IR-camera in a wide range

and strong electromagnetic fields of arc jet and in- between the room temperature and temperatures up

duction heated facilities require special care of the to 3000'C with a high accuracy is very difficult.

personal safety. Therefore a flexible remote control Therefore several spectral pyrometers with differ-

of the IR-devices is an important aspect for the ent measurement ranges are installed at LBK. All

specification. these pyrometers have a spectral range around 1

ptm. In addition to spectral pyrometers two two

colour pyrometers with a measurement range of

9. Application different of pyrometers and 800-2000'C and 900-3000'C are used to perform
IR-cameras at LBK complementary measurements and to determine the

The arc heated facility LBK consisting of two test emissivity of materials with grey surface proper-

legs L2K and L3K has been playing an important ties. Compared to a pyrometer the hardware and

role in the qualification and testing of TPS compo- software of an IR-camera is more complicated and

nents and materials in the frame of different space expensive. Therefore the type and variety of these

programmes like Hermes, X-38, etc. The test facil- systems are limited. As mentioned before the safety

ity L2K with a maximum electrical power of 1.4 of the facility operation team of LBK is a very im-

MW is equipped with a Huels type arc heater and portant issue. As a result of these aspects a FPA-

allows to achieve cold wall heat flux rates up to 2 camera with an uncooled bolometer detector and

MW/m2 at stagnation pressures up to 150 hPa. The remote control system (AGEMA TV 570 S) has

L3K facility has a segmented arc heater with a 6 been used at LBK. The spectral range of the cam-

MW power supply. Models with a size of 300 mm era with a measurement range of -20°C-2000°C is
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7.5-13 gm. In order to achieve high accuracy the
IR camnera

calibration of the camera has been performed for

three different measurement ranges (-20-120'C, test chamber

window
heater

80-500-C, 350-2000'C). Figure 13 shows the ex- model

perimental set-up to measure the model surface ....

temperature in LBK using pyrometers and IR-cam- nzl

era.

As shown in Fig. 13 the front surface temperature T 5 S

of the stagnation point model is measured with 1485- A/D- OPMRS 65-

pyrometers placed outside the test chamber via an Spc prn° t ° °o pyr°meter

optical window. The measurement of the rear sur- -
face temperature is also important to investigate the I C -

influence of the flow radiation and temperature gra-
dient in the sample. Thermocouples integrated in Figure 13. Experimental set-up of pyrometers

and IR-camera at LBK

the insulator part behind the sample have been used

to measure the rear surface temperature. But at high

temperatures beyond 1600'C chemical interactions sCc-,I, . Oin zlkrono pn. prno.,ti. Ion. ,e.

between particles released from the sample rear

surface and thermocouple limit reliable temperature

measurements. Therefore a pyrometer with minia-

turized optics was developed for the measurement X\

of sample rear surface temperature [10]. Since the .br•_ptlc ,

test chamber is exposed to high thermal loads at

low pressure levels the pyrometer is placed outside

the test chamber and the radiation is transferred to Figure 14. Miniaturized pyrometer optics inte-
grated in the stagnation point model

the pyrometer via a fibre-optics connection. The holder

miniaturized optical system is shown in the Fig. 14.

A lens with a focal length of f = 20 mm is used. 9.2 Comparative temperature measurements in
LBK

The distance between the lens and the sample rear

surface is about 70 mm. A protective glass is used Since several parameters like the change of the

in front of the lens, in order to avoid any hazard to emissivity due to the oxidation processes on the

the lens in the case of a crack in the sample causing model surface, modification of the transmittance of

high enthalpy flow into the system. The fibre-optics the optical windows and test ambient during a test

inside the test chamber have a metallic coating and in LBK, comparative measurements using different

is applicable at temperatures up to 400'C. pyrometers and an IR-camera is very important.
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respectively. Especially the ambient temperature in
During comparative measurements of the front and the test chamber is negligible compared to the sam-

rear surface temperatures of a stagnation point mo- ple surface temperature in the stagnation point con-

del with integrated miniaturized optics several tem- figuration. If we neglect the heat loss the equation

perature levels were set in L2K. The surface tem- (29) takes the form:

perature of the sample was varied setting different

reservoir flow conditions or moving the sample q 6 1cy. .T (30)

holder in axial direction to different distances from

the exit of a conical nozzle. An unexpected behavi- The differentiation of this equation leads to the re-

our between surface temperatures measured using lation

the miniaturized pyrometer (rear surface) and the

spectral pyrometer (front surface) were noticed d4 ,4. "dT, (31)

(Table 1). The measured rear surface temperature

is higher than the front surface temperature. Equation (31) shows that a temperature change of

1% causes nearly 4% change in the equilibrium

front surface front surface rear surface heat flux rate. Similarly an error in the temperature
____________________ (VL 70/8)

measurement causes about a four times higher error
pyrometer two colour pyrometer in the heat flux determination.

Ts, [Cl Tq, [°C1 T, 10C]
The isolation material behind the sample has high

1176 1180 1222 and different temperature levels along its length
1318 1330 1360 and causes additional radiation, which can increase
1381 1 1395 1437 the radiance at the entrance of the miniature optics.

Table 1. Surface temperatures measured on Therefore a small aperture stop was installed be-
a SiC sample in L2K tween the lens and the fibre-optics and the inner

surface of the optics tube was coated with a black

Because of some heat losses from the sample to the layer, in order to eliminate the influence of the for-

fixing SiC-shell the front surface temperature has eign illumination and reflected light on the results.

to be higher than the rear surface temperature. In After the new calibration of the pyrometer with

radiation equilibrium the heat flux to the sample miniaturized optics using a black body, additional

can be described as: control measurements were performed in the L2K-

facility. A significant improvement was achieved

due to this modification (Table 2).

Here a(=7.56042.I0-6jI/(K4.m3))Ts and T. are

the Stephan-Boltzmann constant, the surface tem-

perature and the temperature of the environment,
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frear surface repeated device calibrations in the case of the re-front surface I
(VL 70/8) placement of the window. Table 3 shows the influ-

spectral two colour pyrometer ence of a quartz-glass (suprasil) with a thickness of
pyrometer 10 mm on the temperature measurements on a SiC-T,1 loci To, loci Tq2 loci sample in an oven.

1059 1055 1062

1115 - 1113 spectral pyrometer two colour pyrometer

1120 - 1120 without with without with

1225 - 1231 window window window window

1262 - 1263 T, loCi Ts loci Tq l°C1 Tq [oCi

939 932 943 9421306 - 1306

1016 1009 1024 1023
1295 1288 1296

Table 3. Measured temperatures of a blackTable 2. Surface temperatures measured on bd sn urzwno

a SiC sample in L2K with modified body using a quartz window

miniaturized optics VL 70/8

During the influence of the quartz window on the

According to theoretical estimations and some ex- temperature measured using the two colour pyro-

perimental results the front surface temperature meter is negligible, this window causes a tempera-

should be about 30-50'C higher than the rear sur- ture decrease of about 0.7% in the temperature de-

face temperature. Further investigations are neces- termined with a spectral pyrometer.

sary to achieve higher accuracy of the temperature

measurement on the rear surface of the sample Impurities on the window could also cause some

uncertainties in the temperature measurement. Es-using the pyrometer with miniaturized optics.
pecially water has strong absorption bands in the

infrared spectrum. A water droplet with a diameter
9.3 Tests to investigate the influence of external

windows and impurities of about 5 mm was placed on the quartz tube in the
radiation beam range and surface temperature of a

Since surface temperature measurements using py-

rometry are mostly performed by keeping the pyro- SiC-sample heated in an oven was measured with

meter outside the test chamber via optical win- both spectral and two colour pyrometers via this

dows, the radiance of the model surface is partly window. The results are listed in the Table 4.

weaked due to the window. The type and geometry

of the optical glass can vary depending on pyro-

meter characteristics and test conditions in the test

chamber. Therefore it is more convenient to con-

sider the influence of the window during control

measurements first after the calibration. It avoids
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spectral pyrometer two colour pyrometer measurements in a wide angle range. The main

dry wet dry wet components of this 15 kW facility are a plain mir-

window window window window ror (heliostat) and a large concave mirror (concen-

TI [lC] T, loCi Tq [°C] Tq [°C] trator) [11]. The concentrated solar radiation is

932 926 942 942 deflected to the test room located off-side. The

1009 1003 1023 1023 concentrator consists of various concave reflector

elements with different focal lengths. Energy fluxTable 4. The influence of a water droplet on

temperatures measured with spec- densities up to 2500 kW/m2 in a homogeneous core
tral and two colour pyrometers via with a diameter of 80-120 mm can be achieved in
a quartz window

this facility. Measurements at different angles (cc)

Because of the two narrow band pass filters of the between the axis of the sample surface exposed to
the sun beam and the pyrometer axis were per-

two colour pyrometer at the wavelengths of 920 nm
formed. Measured temperatures with spectral and

and 1040 nm and the constance of the low water
two colour pyrometers are listed in Table 5.

absorption at these two wavelengths no tempera-

ture change was caused due to the water droplet While the temperature T, measured with the spec-

placed on the quartz-window. Same water droplet tral pyrometer showed a weak dependence on the

caused a temperature decrease of about 0.6% in the measurement angle, a remarkably high temperature
temperatures measured with a spectral pyrometer. increase was noticed in the temperature T meas-

The reason may be the absorption of the radiation

due to water in a relatively broader wavelength ured with the two colour pyrometer at the angle of

range of 800-1100 nm of the spectral pyrometer. 67.5'. The reason of different of two pyrometers

has not been clarified yet.

9.4 Angle dependence of temperature measure-
ments a (o) T (0C) Tq (°C)

As mentioned before the geometry of the heater 22.5 1003 986

and the test chamber of high enthalpy facilities 45.0 1003 992

allow to perform temperature measurements of a 67.5 1006 1049

model in the stagnation point test configuration of Table 5. Surface temperatures measured
high enthalpy facilities only under some angle be- with pyrometers under different an-

tween the axis of the sample holder and the py- gles in the DLR solar furnace

rometer axis. The measurements in LBK-facilities

are performed in an angle range of between 300 and 9.5 Different application of the IR-camera at
LBK

600. To investigate the influence of the angle on the

temperature measurement a SiC-sample was heated As mentioned before IR-thermograpy provides a

in the DLR solar furnace, which allows pyrometer temperature map of the surface and allows a quick

judgement concerning the gas surface interaction.
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A detailed post-analysis of the measured data and ity is larger than 0.85, which would mean a lower

corrections in terms of the surface emissivity and gap temperature of the gap compared to the value

transmittance of the optical windows or the atmos- given in the IR-picture. The data of thermocouples

phere can be done using sophisticated software of integrated in the gap confirmed this result. This IR-

these systems. The complementary surface tem- image shows clearly that the flow filed around the

perature measurement using a spectral pyrometer, a model is two dimensional, which was a very im-

two colour pyrometer and an IR-camera in LBK portant criteria for the test campaign. Although the

facilities increase the reliability of the experimental temperature gradients are smeared as a result of the

data significantly. lateral heat conduction inside the C/SiC material,

the measured surface temperature increase in the
Figure 15 shows the measured temperature distri- front part of ramp is directly correlated to the con-

bution on a flap model with a gap between the plate vective heating behind the re-attachment shock on

and flap representing the hinge line area of the X- the ramp. Comparative measurement of the surface

38 demonstrators in LBK. The hot structure made temperature of a spot on the ramp using spectral

of C/SiC is integrated in a water cooled metal and two colour pyrometers with a spectral range

model holder. In order to avoid heat losses from the around 1 ýtm provided an emissivity of 0.85 for this

model to the holder an insulation material was used wavelength. These results were confirmed with the

at the interfaces of the model to the holder nose and data of the manufacturer.

side plates. Because of its lower radiation cooling

and higher catalysis the surface temperature of the 2000.0*C2000.0"

insulation material is much higher than the model 2000

surface. But it should be mentioned that this IR-

picture is produced for the emissivity value of the 1000

C/SiC material (F, = 0.8). Since the emissivity of

the insulation material in the spectral range of the 400.0*C

IR-camera (7.5-13 jtrm) is around 0.95 the real tem-

perature of the front part is about 280 K lower than Figure 15. IRn-image of a flap model in LBK

the temperature shown in the Fig. 16. Another im- (flow from right)

portant point is the temperature development in the During qualification tests of the OHB aerothermo-

gap, which is heated due to the high enthalpy gap dynamic measurement system for the first X-38

forced by the pressure difference between the up- demonstrator, the IR-image provided a very im-

per and lower surface of the model at 30' angle of portant result. As it can be seen on the Fig. 16, the

attack. Since the gap front and rear walls, which heat flux sensor integrated in the centre of the
make nearly 90% of its complete radiation surface, flexible insulation material (FEI) with a protective

have a very small radiation angle, the gap behaves coating reaches a lower surface temperature than

like a black body. Therefore the effective emissiv- FEI after a testing time of 25 minutes. It is caused
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due to the stronger radiative cooling of the sensor Besides its useful information about the tempera-

and its heat sink effect resulting from a high heat ture development in the gap region, the IR-image

conductivity and large heat capacity of the sub- confirms the two dimensionality of the flow. The

structure. Again a correct emissivity value of each temperature development of a spot about 10 mm

surface component has to be used, in order to de- upstream of the gap was measured using a spectral

duce the real surface temperature. Fig. 16 shows pyrometer and a two colour pyrometer (Fig. 18).

the correct temperature of the FEI-material for

c 0.8.

1400.0"C To

i~"T

200

5000

100 120 140 100 1o0 200 220 240 2M 280 300 320
I [')

300.0°C Figure 18. Surface temperature development

measured with a spectral pyrometer
and a two colour pyrometer on a

Figure 16. IR-image of the OHB aerothermo- C/C-SiC model in L3K
dynamic system in the flow field of
LBK (flow from left)

The analysis of the measured surface temperatures

Figure 17 shows the IR-image of a C/C-SiC model with pyrometers and IR-camera simultaneously in-

with gap components representing the interface be- dicates a lower emissivity value of 0.8 of the C/C-

tween the nose cap and TPS nose skirt of the X-38 SiC material at a spectral range of 7.5-13 ýtm com-

demonstrator in L3K [12,13]. pared to the emittance of 0.85 around 1 ptm, which

is the spectral range of the pyrometers.

1800.00 C
Another IR image of the same model at a different

._ 1500 test configuration showed a similar temperature

development in the gap region, but indicated an
1000

"overheating in the edge region of the model holder

500 (Fig. 19). The test was performed at an angle of
400.0° C attack of 50'. It seems that even on a two dimen-

sional model at such high angles of attack some

Figure 17. IR-image of the nose cap and nose three dimensional flow phenomena occur and lead
skirt interface model in L3K (flow to severe heat loads. The test was interrpted based
from right)

on the temperature development measured with the

IR-camera. Finally an unexpected damage to the
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